. Moreover, disruption of the TRPV5 gene in mice resulted in profound hypercalciuria due to diminished active Ca 2+ reabsorption (5). TRPV5 belongs to the superfamily of TRP channels, which share the mutual composition of six transmembrane domains and permeability to cations (6) . A functional TRPV5 channel consists of four identical subunits, forming a single central pore located between transmembrane domain five and six (7) . Within the mammalian TRP family TRPV5 and its closest homologue TRPV6 are the most Ca 2+ -selective channels (6) . Furthermore, TRPV5 is constitutively open at low [Ca 2+ ] i and is characterized by an inward rectifying ion current-voltage (I-V) profile (8) . The membrane-spanning region is flanked by large intracellular amino (N)-and C-termini (9) . The N-terminus contains several ankyrin repeats, which have been implicated in channel assembly (10, 11) . However the molecular function of these ankyrin repeats remains controversial (12, 13) .
While the function of the TRPV5 Nterminus is still largely unresolved, the Cterminus plays a central role in TRPV5 channel regulation. Various molecular processes including protonation, phosphorylation, and protein-protein interactions affect TRPV5 activity by modulating the C-terminus. First, Huang and coworkers found that binding of protons to lysine-607 induced a conformational change of the channel pore, mainly resulting in a reduced channel open probability (14) . Second, the protein kinase A (PKA) phosphorylation site threonine-709 (T709) of TRPV5 was recently identified as a target for parathyroid hormone (PTH). PKA-dependent phosphorylation of T709 rapidly increases TRPV5 channel open probability and thereby enhances Ca 2+ influx (15) . Third, the C-terminal PKC phosphorylation site S654 appears essential for tissue kallikrein (TK)-mediated plasma membrane accumulation of TRPV5 (16) . Fourth, the C-terminal VATTV sequence is required for S100A10-TRPV5 interaction. Alanine substitution of the first threonine, T599A, prevents S100A10 binding to TRPV5, leading to the subplasma membrane localization of TRPV5, and thus a nonfunctional channel (17) . Fifth, via C-terminal interaction Rab11a targets TRPV5 towards the plasma membrane (18).
Finally, the TRPV5 C-terminus has been convincingly shown to be involved in Ca 2+ -dependent inactivation. Two Ca 2+ -sensing stretches were identified in the TRPV5 Cterminus, one between residues 650 and 653 and the other in the last 30 residues (19) . Deleting both stretches resulted in a channel that does not inactivate in the presence of a concentration of 1 µM intracellular Ca 2+ (19) . In addition, removing only the last 30 residues significantly diminished the Ca 2+ -dependent inactivation of TRPV5 (19) . To explore the exact role of this highly regulated part of the C-terminus we developed a series of TRPV5 C-terminal deletion mutants. The role of these mutants in TRPV5 channel regulation were tested with a combination of live-cell imaging, patch clamp analysis, and various biochemical approaches.
Experimental procedures

Construction of mammalian expression vectors-
The bicistronic expression vector pCINeo/IRESeGFP was used to co-express rabbit TRPV5 containing an N-terminally fused HA-tag and enhanced green fluorescent protein (eGFP). Cterminal truncations and mutations of TRPV5 were produced by PCR and site-directed mutagenesis (Stratagene, La Jolla, USA), according to the manufacturer's protocol, after which all plasmids were sequence verified. ] e ) were facilitated using a perfusion system and resulting changes in [Ca 2+ ] i were monitored with fura-2 excited at 340 and 380 nm using a monochromator (Polychrome IV, TILL Photonics, Gräfelfing, Germany). Fluorescence emission light was directed by a 415DCLP dichroic mirror (Omega Optical Inc., Brattleboro, VT) through a 510WB40 emission filter (Omega Optical Inc.) onto a CoolSNAP HQ monochrome CCD-camera (Roper Scientific, Vianen, the Netherlands). The integration time of the CCD-camera was set at 200 ms with a sampling interval of 3 s. All hardware was controlled with Metafluor 6.0 software (Universal Imaging Corporation, Downingtown, PA).
Quantitative image analysis was performed with Metamorph 6.0 (Molecular Devices Corporation, Sunnyvale, CA, USA). For each wavelength, the mean fluorescence intensity was monitored in an intracellular region and, for purpose of background correction, an extracellular region of identical size. After background correction, the fluorescence emission ratio of 340 and 380 nm excitation was calculated to determine the [Ca 2+ ] i . All measurements were performed at room temperature. ElectrophysiologyElectrophysiological methods have been described previously in detail (9, 20) . Cell surface biotinylation and internalization assay-HEK293 cells were transfected with different TRPV5 constructs in pCINeo/IRESeGFP using PEI. After 2 days cell surface proteins were biotinylated for 30 min at 4°C using sulfo-NHS-LC-LC-biotin (Fig. 6 ) or sulfo-NHS-SS-biotin (0.5 mg/mL; Pierce, Etten-Leur, The Netherlands) as described previously (21). In short, cells were kept at 4 0 C or incubated for 30 min at 37°C to allow endocytosis from the plasma membrane. TRPV5 internalization was measured by treating cells with fresh 100 mM 2-mercaptoethanesulfonic acid sodium salt (mesna) for 3 times 20 min at 4°C. After treatment with 120 mM iodoacetic acid to quench mesna, cells were lysed in 150 mM NaCl, 5 mM EGTA, 50 mM Tris-HCl pH 7.5, Triton 1% v/v and protease inhibitors at 4°C and centrifuged at 14,000×g for 10 min. Finally biotinylated proteins in the supernatant were precipitated using neutravidin-coupled beads (Pierce), and analyzed by immunoblotting using anti-HA antibodies. Statistical Analysis-Numerical results were visualized using Origin Pro 7.5 (OriginLab Corp., Northampton, MA, USA) and presented as the mean ± SEM. Statistical differences were determined using a one-way ANOVA followed by Bonferroni. P values below 0.05 were considered significant. (Fig. 1A and 1C) .
RESULTS
Removal of the very end of TRPV5 C-
Next, HEK293 cells were transfected with a TRPV5 mutant lacking a part of the Cterminus (TRPV5-698X). Previously, a similar mutant displayed a blunted response to Ca 2+ -induced channel inactivation as measured by patch clamp analysis (19) . Fura-2 analysis of TRPV5-698X-expressing HEK293 cells revealed an elevated basal [Ca 2+ ] i compared to TRPV5-WT. TRPV5-698X responded only partially to EGTA treatment ( Fig. 1B and 1C (Fig. 1B and 1C) .
Functional analysis of C-terminal deletion mutants reveals residue H712. To pinpoint the region responsible for the elevated [Ca 2+ ] i observed in cells expressing TRPV5-698X, shorter deletions within the TRPV5 C-terminus were made (Fig. 2A) . Deletions up to residue histidine 712 (H712) did not affect resting [Ca 2+ ] i as shown in Fig. 2B . However, deletion of H712 (TRPV5-712X) resulted in a significant increased basal [Ca 2+ ] i although not as high as the 698X mutation (Fig. 2B) . Remarkably, fura-2 peak levels (maximal [Ca 2+ ] i ) of TRPV-712X were identical to TRPV5-698X as indicated by Fig. 2C . Maximal [Ca 2+ ] i of the shorter deletion mutants were identical to TRPV5-WT. All Cterminal deletions were correctly expressed as judged by immunoblotting (Fig. 2D) .
As H712 is positively charged, we examined whether this charge is responsible for the observed effect on [Ca 2+ ] i of TRPV5-712X. Mutation of H712 into a negatively charged aspartic acid (TRPV5-H712D) or a neutral asparagine (TRPV5-H712N) enlarged basal [Ca 2+ ] i to a similar extent as TRPV5-712X (Fig.  3A) . In contrast, replacement of H712 with the positively charged arginine (TRPV5-H712R) did not modulate the intracellular Ca 2+ levels (Fig.  3A) . Analysis of the peak fura-2 levels of these mutants resulted in an identical [Ca 2+ ] i pattern as observed at basal conditions (Fig. 3B) . Immunoblotting did not demonstrate large variations in protein expression (Fig. 3C) . Interestingly, H712 is highly conserved among different mammalian species (Fig. 3D) .
The influx (15) . To investigate whether deletion or mutation of H712 affects TRPV5 activation by PKA-dependent phosphorylation, we used the cAMP-elevating agent forskolin and studied its effect on TRPV5 activity using fura-2 analysis. First, to confirm the specificity of the forskolin response we implemented a phosphorylationdeficient mutant (T709A) and one mimicking a constitutively phosphorylated state (T709D). Forskolin increased [Ca 2+ ] i of cells expressing TRPV5-WT, while mock-expressing cells were not affected (Fig. 4A and 4C ). Fura-2 ratio of cells expressing T709A and T709D was not altered upon forskolin stimulation (Fig. 4B and  4C) . Notably, basal [Ca 2+ ] i of the T709D mutant was significantly elevated in comparison to TRPV5-WT and -T709A (Fig. 4C) Fig. 4D and 4E ). In addition, we developed a double-mutant by introducing the T709D mutation into TRPV5-H712D. This double-mutant exhibited a similar [Ca 2+ ] i as TRPV5-H712D after forskolin stimulation ( Fig.  4F and 4G ). Furthermore, neither the double mutant nor TRPV5-698X responded to forskolin ( Fig. 4F and 4G) .
TRPV5-H712D elevates channel plasma membrane abundance. To gain more insight into the molecular features of the TRPV5-H712D mutant, we compared the fura-2 recording traces of TRPV5-H712D and -T709D in response to the Ca 2+ and Ca 2+ -free medium. Both mutants displayed a similarly increased basal [Ca 2+ ] i , which fully decreased in Ca 2+ -free medium (EGTA treatment) (Fig. 5A) . Interestingly, the maximal [Ca 2+ ] i of TRPV5-H712D was significantly elevated in comparison to TRPV5-T709D ( Fig. 5A and 5B).
To investigate whether [Ca 2+ ] i plays a role in the elevated activity observed for TRPV5-H712D, the whole-cell patch clamp technique was implemented and, Ca 2+ and Na + currents of TRPV5-WT and TRPV5-H712D were evaluated. Application of a hyperpolarizing voltage step to -100 mV from a holding potential of +70 mV showed an increased Ca 2+ peak current in H712D expressing cells compared with TRPV5-WT cells (Fig. 5C and 5D) . Na + -current measurements in nominally divalent free (DVF) solution (20 µM EDTA) demonstrated that TRPV5-H712D still exhibited an enlarged macroscopic current (Fig. 5E and 5F ). Also note the strong inward rectification, which is at Radboud Universiteit Nijmegen, on July 28, 2010 www.jbc.org Downloaded from characteristic for the TRPV5 channel (Fig. 5E ) (20) .
To identify the mechanism underlying the amplified currents of TRPV5-H712D plasma membrane expression was assessed. A cell surface biotinylation was conducted on HEK293 cells transfected with either TRPV5-WT or -H712D. Ten minutes before biotinylation cells were stimulated with forskolin. Subsequently, cells were lysed and biotinylated proteins were precipitated with neutravidin-agarose beads and TRPV5 expression was studied using immunoblotting. Plasma membrane presence of the H712D mutant was clearly elevated in comparison to TRPV5-WT (Fig. 6A and B) . Forskolin stimulation did not affect plasma membrane presence of either protein. Importantly, expression of TRPV5-WT and -H712D in whole cell lysates was similar. As a control for H712D the positively charged arginine-707 was replaced by glutamic acid (R707E). Plasma membrane expression of R707E was not different from TRPV5-WT (supplementary Fig. 1 Plasma membrane retrieval of TRPV5-H712D is delayed. To elucidate how TRPV5-H712D plasma membrane abundance is elevated, an internalization assay was performed using HEK293 cells expressing TRPV5-WT or -H712D. In short, cell surface proteins were probed with sulfo-NHS-SS-biotin and cells were incubated for 30 min at 37°C to allow internalization of biotinylated proteins. Finally, cells were treated with the membraneimpermeant mesna, removing all biotin bound to remaining cell surface proteins. In agreement with the previous figure, TRPV5-H712D plasma membrane presence was increased (Fig. 7A, no   mesna) . Mesna treatment removed ~80% of the biotin attached to TRPV5 proteins in both TRPV5-WT and -H712D (Fig. 7A and 7B , no chase). A 30 min incubation at 37°C increased the mesna-resistant fraction of TRPV5-WT by ~40% (Fig. 7A and 7B, 30 min chase) . In contrast, only an additional ~20% of biotinylated TRPV5-H712D was resistant to mesna. Importantly, expression of TRPV5-WT and -H712D in total cell lysates was similar (Fig.  7C ). This experiment demonstrates that retrieval rate of TRPV5-H712D channels from the cell surface is significantly slower than TRPV5-WT.
DISCUSSION
In this study we identified the Cterminally located H712 as a critical residue for constitutive TRPV5 internalization. This conclusion is based on the following observations. First, functional analysis of Cterminal deletion mutants demonstrated the importance of residue H712 in the regulation of TRPV5 activity. Second, substitution of the positively charged H712 for a neutral or negative residue increased TRPV5 activity. Third, the effects observed for H712D were independent of PKA-mediated phosphorylation of the nearby residue T709. Fourth, cell surface biotinylation revealed an increased abundance of TRPV5-H712D channels at the plasma membrane. Fifth, TRPV5-H712D exhibited a delayed internalization from the cell surface, likely causing the increased plasma membrane presence.
We employed fura-2 analysis to investigate TRPV5 function. Fura-2 is a ratiometric dye and readout of [Ca 2+ ] i is, therefore, independent of the dye concentration, illumination intensity and optical path length. (22) .
Using fura-2 analysis, a critical role for the positive charge of H712 in regulating TRPV5 activity was identified, as deletion or substitution resulted in enhanced channel activity. Residue H712 is in close proximity to the conserved PKA phosphorylation site T709 regulating TRPV5 open probability by the calciotropic hormone PTH (15) . As substitution of both T709 and H712 by a negatively charged residue elevated basal [Ca 2+ ] i to a similar extent, we investigated whether both mutants concealed a similar activation mechanism. Nevertheless, PKA-mediated stimulation by forskolin was not compromised in TRPV5-H712D suggesting independent pathways for the elevated TRPV5 activity. This was confirmed by fura-2 analysis of the maximal [Ca 2+ ] i which revealed that the overshoot of [Ca 2+ ] i of TRPV5-H712D was significantly increased in comparison to T709D. This implies that the elevated basal activity of both mutants is caused by two distinct molecular mechanisms. Indeed, the T709D mutant leads to an increase in channel open probability (15), while cell surface biotinylation studies demonstrated an increased plasma membrane abundance of TRPV5-H712D. Thus, an enlarged maximal [Ca 2+ ] i as detected by fura-2 analysis implies an elevation in TRPV5 plasma membrane expression. Moreover, replacing the positively charged R707 by glutamic acid (R707E) did not affect the cell surface expression of TRPV5, demonstrating the specific role for H712 in TRPV5 plasma membrane trafficking.
Interestingly introduction of the D542A mutation, which prevents Ca 2+ influx, further increased plasma membrane expression of TRPV5-H712D (supplementary Fig. 2 Finally, an internalization assay was implemented to study the role for residue H712 in TRPV5 channel retrieval. Pilot experiments did not reveal any internalization of TRPV5-H712D after 5 min incubation at 37°C, which was detected for TRPV5-WT. Analysis after 30 min incubation at 37°C demonstrated a significant delayed channel retrieval for the H712D mutant, which ultimately results in an increased plasma membrane abundance. Recent investigations shed light on the process of TRPV5 retrieval from the plasma membrane. In 2007, de Graaf et al. found that constitutive TRPV5 internalization is clathrin-dependent (21). Cha et al. demonstrated the involvement of caveolae in TRPV5 endocytosis. PKC stimulation via PTH or 1-oleoyl-2-acetyl-snglycerol activated TRPV5 via an enhanced plasma membrane expression, which was absent in cells treated with caveolin-1 siRNA or caveolin-1 negative cells (25) . Using the dominant-negative dynamin mutant K44A both studies revealed a crucial role for dynamin in TRPV5 endocytosis. In addition, TRPV5 plasma membrane expression is regulated by various physiological stimuli including the ß-glucuronidase klotho, tissue kallikrein and extracellular pH (16, 26, 27) . In this study, we identified the first residue within TRPV5 essential for constitutive internalization. It is not yet clear whether physiological stimuli can modify internalization via H712, however, future research should unravel such a mechanism.
The critical role for H712 became also apparent by its conservation among different mammalian species. In general, classical internalization signals (28) (29) (30) are composed of several residues none of them resembling the amino acids surrounding H712. Removal of residues after H712 did not increase TRPV5 activity. Therefore, the contribution of the highly conserved residues upstream of H712 (L710 and G711) in TRPV5 internalization remains to be investigated in the future. Altogether, this study demonstrated an essential role for residue H712 in TRPV5 plasma membrane trafficking. 
FOOTNOTES
FIGURE LEGENDS
Fig. 1. Monitoring TRPV5 activity using fura-2. Representative trace of fura-2 ratio in HEK293 cells transiently transfected with TRPV5-WT, mock (A) and TRPV5-698X (B). All procedures were performed at room temperature. C, fura-2 levels at resting conditions (t=0), minimal fura-2 ratio after EGTA treatment (min) and peak level (max) upon administration of 1.4 mM Ca 2+ . Average data of mock (N=19), TRPV5-WT (N=46) and TRPV5-698X (N=20). The asterisk denotes a significant difference (P<0.05) from indicated condition. 4 . Examination of forskolin response on hyperactive TRPV5 mutants. Typical fura-2 trace of mock, TRPV5-WT (A), TRPV5-T709A and -T709D (B) upon the addition of forskolin. C, average data representing fura-2 levels before (CTR) and after forskolin (FSK) stimulation of mock (N=19), TRPV5-WT (N=47), -T709A (N=27) and -T709D (N=22). *P<0.05 compared to resting conditions. Representative (D) and average (E) fura-2 data of TRPV5-WT (N=47), -H712D (N=25) and -712X (n=28) in basal conditions and upon forskolin stimulation. Representative (F) and average (G) fura-2 ratio of TRPV5-WT (N=47), -T709D-H712D (N=20) and -698X (N=13) before and after forskolin stimulation.
Fig. 5. TRPV5-H712D exhibits enlarged Ca
2+ and Na + current. A, representative trace of fura-2 ratio in HEK293 cells transiently transfected with TRPV5-T709D and TRPV5-H712D. B, fura-2 levels at basal conditions (t=0) and peak level (max) upon administration of 1.4 mM Ca 2+ . Average data of TRPV5-T709D (N=19) and TRPV5-H712D (N=22) as depicted in white and black bars, respectively. The asterisk denotes a significant difference (P<0.05) from indicated condition. C, inward Ca 2+ currents measured with 10 mM extracellular Ca 2+ during a 3-s step to -100 mV from a holding potential of +70 mV in HEK293 cells expressing either TRPV5-WT or TRPV5-H712D. D, average peak current density during a voltage step to -100 mV in 10 mM Ca 2+ . Cells expressing TRPV5-H712D displayed significantly increased Ca 2+ peak currents. *P<0.05 compared to TRPV5-WT. E, I-V relationship measured from 450-ms voltage ramps in nominally divalent-free (DVF) solution. F, average current densities at -80 mV in nominally DVF solution. Cells expressing H712D displayed significantly increased Na + currents at -80 mV. *P<0.05 compared to TRPV5-WT. Figure 4 at Radboud Universiteit Nijmegen, on July 28, 2010 www.jbc.org Downloaded from Figure 5 at Radboud Universiteit Nijmegen, on July 28, 2010 www.jbc.org Downloaded from Figure 6 at Radboud Universiteit Nijmegen, on July 28, 2010 www.jbc.org Downloaded from Figure 7 at Radboud Universiteit Nijmegen, on July 28, 2010 www.jbc.org Downloaded from
